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1. Introduction

Torsion measurement plays an important role in many fields
such as structural health monitoring, anthropomorphic robots,
aerospace engineering, and the automotive industry!"?),
Recently, long-period fiber gratings (LPFGs) have been widely
used in torsion sensors due to their advantages, such as easy fab-
rication, small volume, light weight, high sensitivity, and anti-
electromagnetic noise>*!. Hence, various torsion sensors based
on LPFG have been reported. The fabrication methods of LPFG
sensors include acid etching®!, UV laser radiating', and CO,
laser writing!”). However, LPFGs fabricated by the first two
methods are unable to distinguish the torsion direction. Such
an issue brings difficulty for practical applications, which
requires the information about the torsion direction. The fabri-
cation method based on CO, laser writing gives LPFGs the
ability to determine the torsion direction. The basic principle
follows that the elliptic birefringence is excited in the structure.
The sensitivity of torsion sensors of such a kind is around
0.03 nm/(rad/m)'®, which requires a higher precision of
demodulation equipment to monitor the changes of resonant
wavelength. To further improve the torsion sensitivity of
LPFGs, certain structures are proposed and demonstrated in
recent studies, including the LPFG that is based on periodical
screw-type distortions"!, the helical LPFG (HLPFG)“O], and
the segmented LPFG!"!). However, these structures require
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We propose and investigate a compact optical fiber sensor that aims to measure the torsion in both amount and direction
with high sensitivity. This sensor is configured by a triangular-prism-shaped long-period fiber grating, which is fabricated by
the high frequency CO, laser polished method. The unique design of the triangular-shaped structure breaks the rotational
symmetry of the optical fiber and provides high sensitivity for torsion measurement. In preliminary experiments, the torsion
response of the sensor achieves a good stability and linearity. The torsion sensitivity is 0.54 nm/(rad/m), which renders the
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devices with high precision, which increases the cost. In addi-
tion, the fabricating process of these structures is complex.
Hence, optical torsion sensors with the advantages of high sen-
sitivity and simple fabrication process are expected.

In this work, we propose and fabricate a miniature triangular-
prism-shaped LPFG (TPS-LPFG) torsion sensor by using the
CO, laser polished method. This method has the ability to
change the physical shape of fiber cladding flexibly. In order
to improve the torsion sensitivity of the sensor effectively, the
triangular-shaped structure is designed. This structure provides
the high sensitivity of torsion, which results from the broken
rotational symmetry of the fiber. In torsion measurement, the
sensitivity of the TPS-LPFG is 0.54 nm/(rad/m), which is about
18 times higher than that of the conventional LPFG!®.
Moreover, this structure has the advantages of compact size,
low budget, and easy fabrication. Therefore, the proposed sensor
based on TPS-LPFG has good potential in torsion measurement
of small structures.

2. Fabrication and Principle

In order to fabricate the proposed structure, the LPFG inscribing
platform has been set up, as shown in Fig. 1. A high frequency
CO, laser with a maximum output power of 10 W is used to pol-
ish the fiber. It is controlled by a host computer. An optical
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Fig. 1. Diagram of the TPS-LPFG fabricating system.

spectrum analyzer (OSA) and a super-continuum light source
(SLS) are used to detect the light signal and provide the input
light, respectively. The side view of the structure is captured
by the charge-coupled device (CCD). In the preparation process,
a single mode fiber (SMF) is selected for fabrication of the TPS-
LPFG through the CO, laser polished method. First, the SMF is
fixed on the middle of two rotating disks. To keep the interested
part of SMF in a straight line, a constant axial force is applied by
a 5 g weight, which is attached to the fiber. The distance between
two rotating disks is 20 cm. Then, a CO, laser is used to polish
the fiber. The reduction of diameter in the fiber cladding is per-
formed by the continuous laser exposure with the power of
1.8 W. At the same time, the grating period of the structure is
set as 510 pm. The three surfaces of the triangular prism shape
are fabricated one by one. After the first surface is finished, the
two disks are turned simultaneously along the axial direction
with a twist angle of 120°. Then, the second surface of the tri-
angular prism shape is prepared by the same method above.
The third surface is prepared in a similar process. Finally, the
periodic triangular-shaped structure is obtained.

Figure 2 shows the original transmission spectrum of the TPS-
LPFG, where the resonant peak of this structure is 1368 nm, and
the loss of the peak is —27dB. The schematic diagram of
the TPS-LPFG is provided in Fig. 3(a). The length of the struc-
ture is 5.6 mm, which is around one quarter the length of con-
ventional LPFGs'®. The lengths of the polished and unpolished
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Fig. 2. Original transmission spectrum of the TPS-LPFG.
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Fig. 3. Geometric characteristic of the TPS-LPFG. (a) Schematic diagram of
the TPS-LPFG. (b) Side view of the TPS-LPFG.

regions are 250 pm and 260 pm, respectively. The polished depth
is 35 pm, the surface of the polished area is relatively smooth,
and the side view of the structure is shown in Fig. 3(b).

The mechanism of the TPS-LPFG can be attributed to the
released residual stress and changed fiber geometry. These
impacting aspects lead to a periodic refractive index modulation
in the optical fiber"?. The mode effective refractive index
change of TPS-LPFG is calculated by

Mgy = Sneff(z){l + v cos I:zxﬂz + ¢(Z):| }, (1

where dn.(z) is the refractive index variation in a single period
of the structure, v is the fringe visibility, A is the grating period,
and ¢(z) indicates the grating chirp.

Referring back to Fig. 2, the principle of the resonant peak
generation is the light coupling between the fundamental core
mode and the cladding mode. The phase-matching condition
for the TPS-LPFG is demonstrated by

1= |:1 N (6nsh — 6n§1ff)dlD/dA:|
res

|
(% — ncl)? e — ng) A, (2)
[S €

€

where 1., and Ap, respectively, represent the resonant wave-
length and the initial resonant wavelength, n%-n¢. is the effec-
tive refractive index difference between the core and cladding
modes, and §n%-on¢l; is the average effective refractive index
difference of the core and cladding modes'™!. It is clear that
the sensing effects are mostly induced by the differential change
of the optical fiber core and cladding modes.

For a uniform fiber to an applied torque, the twist rates are
inversely proportional to the fourth power of the radius*.
For the TPS-LPFG structure, the radii of the triangular-shaped
cladding are smaller than that of the columniform-shaped fiber.
When the TPS-LPFG structure is twisted, the excessive stresses
are generated in the polished area. According to elasto-optic
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Fig. 4. Devices for torsion and temperature measurement.
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Fig. 5. Torsion characteristics of TPS-LPFG. (a) Spectrum of torsion response.

(b) Measured resonant wavelength shift of different applied twist rate.

effect, the refractive index of the fiber cladding is changed by the
torsional stress'®!. Hence, the difference in the effective refrac-
tive index between the core and cladding is changed. From
Eq. (2), the resonant peak shifts when the optical fiber structure
twists. Meanwhile, the refractive index distribution within the
cross section of the TPS-LPFG is asymmetric. Hence, the linear
birefringence will be induced when the light propagation in the
TPS-LPFG is due to the asymmetric geometrical shape of the
structure!’®). When a strong twist is applied in the structure,
elliptical birefringence appears. The ratio of the semi-maximum
and semi-minimum axes of the elliptical polarizations is propor-
tional to the torsion ratel'”). The TPS-LPFG twists clockwise,
and right-rotatory elliptical birefringence is generated, whereas
left-rotatory elliptical birefringence results from twisting the
structure counterclockwise. Thus, a torsion sensor based on
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Fig. 6. Temperature characteristics of TPS-LPFG.

TPS-LPFG achieves a relatively high torsion sensitivity, and it
has the ability of distinguishing the torsion direction.

3. Experiment

The schematic diagram of the experimental setup for torsion
measurement is shown in Fig. 4. An SLS and an OSA are used
to analyze and demodulate the wavelength spectrum. The TPS-
LPFG is fixed at the middle position of two fiber disks witha 5 g
weight to provide constant stress. To introduce controllable tor-
sion, any one of the rotatory disks is rotated around the axial
direction. Different torsion directions are applied by rotating
the disk clockwise and counterclockwise, respectively. The tor-
sion experiment of the structure is achieved by turning the rotat-
ing disk from —180° to 180° with a step length of 30° at room
temperature.

Table 1. Comparison of the Torsion Sensitivity and Length between the TPS-LPFG and Other Sensars.

Fiber Structure Sensitivity [nm/(rad/m)]] Length (mm) Reference
SMF Corrugated LPFGs 018 20 (5]
SMF LPFG written by high-frequency CO, laser pulses 0.03 24 8]
SMF LPFG based on periodical screw-type distortions 0.16 126 9]
Two-mode fiber Helical LPFGs 0.05 24 [10]
SMF Segmented LPFG 014 245 (1]
SMF LPFG fabricated by femtosecomd laser pulses 0.1 342 [18]
PCF Helical photonic crystal fiber 0.05 50 [19]
SMF Chirp LPFG written in twisted fiber 0.21 25 [20]
SMF TPS-LPFG 0.54 5.6 This work
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The torsion rate can be expressed by

€)

T==,
L
where 7 is the twisting rate, 6 is the torsion rate, and L is the dis-
tance between the two disks (L = 165 mm in the present experi-
ment). According to Eq. (3), the torsion rate is set from
—19.03 rad/m to 19.03 rad/m with a step length of 3.18 rad/m.
Figure 5(a) shows the change in the transmission spectra of the
TPS-LPFG. It can be seen that the resonant wavelength of the
structure shows a linear red-shift when the torsion is applied
clockwise and a linear blue-shift when counterclockwise torsion
is applied. After conducting a linear fitting to the experimental
data, the shift of the resonant peak has a linear relationship with
the torsion rate, as is shown in Fig. 5(b). The torsion sensitivity
of the TPS-LPFG reaches —0.54 nm/(rad/m).

In temperature measurement, the TPS-LPFG is placed
on a heating device with two ends fixed by the fiber disks, as
shown in Fig. 4. The temperature is controlled by the heating
controller from 30°C to 150°C with a step of 20°C. Figure 6
shows that the resonant wavelength experiences a red-shift
when the temperature increases, and the temperature sensitivity
of the structure is 61 pm/°C. The temperature torsion crosstalk
of TPS-LPFG torsion sensor is 0.11 (rad/m)/°C, which is lower
than that of most conventional LPFG torsion sensors'®~'%),

A comparison of the present TPS-LPFG and previous work is
listed in Table 1. It can be seen that most LPFGs are about
20 mm in length. As a comparison, the TPS-LPFG is much
shorter than most LPFGs in the length, and it has an enhanced
torsion sensitivity. Meanwhile, the TPS-LPFG is readily fabri-
cated at a low cost, which shows the superior features with
respect to other compact LPFGs.

4. Conclusion

A novel fiber torsion sensor based on TPS-LPFG is developed in
this paper. Distinguishing from the conventional fabrication
method of LPFGs, the proposed fabricating method utilizes
the heating effect of a CO, laser pulse to induce apparent defor-
mations on the fiber. The torsion sensitivity of the sensor is
—0.54nm/(rad/m) in the preliminary experiment, which is
much higher than that of conventional LPFGs, and it has a com-
pact length. Meanwhile, this sensor can distinguish the torsion
direction. The temperature sensitivity of the sensor is also pro-
vided, which is 61 pm/°C. Therefore, the proposed TPS-LPFG
has great potential for torsion measurement applications, and
it provides a new idea for the optical fiber torsion sensor.
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